The infection hyphae in pen2 atrbohF plants were significantly longer than those in pen2 plants. The proportion of branched hyphae development in the pen2 atrbohF plants was significantly higher than in the pen2 plants. These results suggest that AtRbohF is probably involved in post-penetration resistance to Magnaporthe oryzae in Arabidopsis.
Plants have evolved basal defense systems to detect and limit the growth of pathogens. Pathogens can be recognized by the host via the perception of conserved microbial structures termed pathogen-associated molecular patterns (PAMPs). PAMPs are recognized by transmembrane pattern recognition receptors (PRRs) that bind specific PAMPs and initiate intracellular immune responses. 6) These PAMP-triggered immunity (PTI) responses include the generation of reactive oxygen species (ROS) and protein phosphorylation with associated gene regulation that ultimately restricts the growth of the pathogens. 7) ROS are highly reactive molecules that can damage cellular components, but they also act as cell-signaling molecules. They are produced by many different enzymatic systems. 8) Plant NADPH oxidases, also known as respiratory burst oxidase homologs (RBOHs) are the most thoroughly studied enzymatic ROS-generating systems. They are encoded by a 10-member gene family in Arabidopsis. Arabidopsis AtRbohD and AtRbohF were initially identified as key components of plant defenses, 9) but it remains to be clarified whether AtRbohs are involved in NHR to M. oryzae in Arabidopsis.
In this study, we examined the functions of AtRbohD and AtRbohF in NHR to penetration and hyphal growth of M. oryzae in Arabidopsis.
Arabidopsis plants were grown under short-day conditions (9:15 L:D) at 22 C in a growth room as previously described. [3] [4] [5] We used the following mutants: pen2-1, atrbohD, and atrbohF (all with the Col-0 background). [9] [10] [11] [12] These were used for crosses, and double mutants were identified as previously described. [3] [4] [5] Fungal inoculation was conducted as previously described. [3] [4] [5] Quantification of cell entry and fungal growth were analyzed as previously described. [3] [4] [5] H 2 O 2 accumulation was visualized by 3,3-diaminobenzidine (DAB) staining as previously described. 3, 13) Data were compared by Tukey's highly significant difference (HSD) tests. Calculations were performed on three data sets (n ¼ 3), and p < 0:05 was taken to indicate statistically significant effects.
To determine whether AtRbohD or AtRbohF affect NHR to M. oryzae in Arabidopsis, atrbohD and atrbohF mutants were inoculated with M. oryzae and monitored by microscopy. Analysis of the atrbohD and atrbohF mutants following M. oryzae challenge at 72 h post inoculation (hpi) revealed that both mutants exhibited levels of penetration resistance similar to that of the wild-type plants (Fig. 1A) . Then double mutants were generated between the pen2 and the atrboh mutant to evaluate the role of AtRbohs in NHR to M. oryzae in pen2 background. We harvested leaves of infected plants at 72 hpi and examined them microscopically. The rate of entry into the pen2 atrbohD plants was slightly lower than into the pen2 plants (Fig. 1B) . In contrast, the rate of entry into the pen2 atrbohF plants was slightly higher than into the pen2 plants (Fig. 1B) , and was significantly (p < 0:05) higher than into the pen2 atrbohD plants (Fig. 1B) .
We investigated the role of AtRbohs further in postpenetration resistance by measuring the lengths of the longest infection hyphae in the double mutant at 72 hpi. The infection hyphae in the pen2 atrbohD plants were not different from those in the pen2 plants (Fig. 1C) . However, the infection hyphae in the pen2 atrbohF plants were significantly (p < 0:05) longer than those in the pen2 plants (Fig. 1C) .
We also examined the process of penetration in the pen2 atrboh mutants. We divided the process into four events (i-iv) as previously described:
5) (i) cell-wall penetration, (ii) the establishment of infection hyphae, (iii) elongation of the infection hyphae, and (iv) branch formation on the infection hyphae. The proportion of branched hyphae development (iv) in the pen2 atrbohD plants was slightly higher than that in the pen2 plants (Fig. 1D) , and the proportion of branched hyphae development (iv) in the pen2 atrbohF plants was y To whom correspondence should be addressed. Tel: +81-776-61-6000; Fax: +81-776-61-6015; E-mail: ishikawa@fpu.ac.jp Biosci. Biotechnol. Biochem., 77 (6), [1323] [1324] [1325] 2013 Note significantly (p < 0:05) higher than that in the pen2 plants (Fig. 1D) . These results indicate that AtRbohF played a role in post-penetration resistance to M. oryzae in pen2 background.
To determine whether AtRbohD and AtRbohF would affect H 2 O 2 accumulation in NHR to M. oryzae in Arabidopsis, DAB staining at infection sites was conducted ( Fig. 2A, B, and C) . At about 24 hpi, M. oryzae penetrated Arabidopsis epidermal cells. 5) We harvested leaves of the infected plants at 26 and 72 hpi and examined them microscopically. The total frequency of penetrated cells by DAB staining was significantly (p < 0:05) lower at 26 hpi and slightly lower at 72 hpi in the pen2 atrbohD plants as compared to the pen2 plants ( Fig. 2D and E) . However, the total frequency of penetrated cells by DAB staining in the pen2 atrbohF plants was not dramatically different from that in the pen2 plants at 26 and 72 hpi ( Fig. 2D and E) . These results suggest that AtRbohD played a role in H 2 O 2 accumulation at an early phase during the infection process.
A recent study investigated the contribution of AtRbohD and AtRbohF to the regulation of defenseassociated metabolism during Arabidopsis-Pseudomonas syringae interaction, and found that AtRbohD and AtRbohF have specific roles in the interaction. 14) AtRbohF was necessary for rapid and full induction of salicylic acid (SA) during compatible and incompatible interactions, and for resistance to virulent bacteria. Furthermore, it interacted closely with intracellular oxidative stress to tune dynamic metabolic responses during infection. Thus, it appears to be a key player not only in HR-related cell death but also in regulating metabolomic responses and resistance.
Considering these lines of evidence, we suggest that post-penetration resistance to M. oryzae is regulated through AtRbohF-dependent SA accumulation or metabolic responses in Arabidopsis. However, our previous study found that the SA pathway is not involved in the post-penetration resistance to M. oryzae in Arabidopsis.
3) Thus, AtRbohF-dependent metabolic responses might restrict the hyphal growth of M. oryzae in Arabidopsis.
